Nanometric-sized strontium doped ceria powders were prepared by combustion glycine-nitrate procedure. Cerium nitrate and strontium nitrate were used as starting material whereas glycine is used as a fuel. The tailored composition was: Ce 1¹x Sr x O 2¹¤ with concentration "x" ranging from 0 to 0.15. The effect of dopant concentration and subsequent calcination on crystal stability and lattice parameter was studied. Results showed that the obtained powders were solid solutions with a fluorite-type crystal structure. The particle size was in the nanometric range (<15 nm). Calcination of as-prepared powders at 850°C caused the formation of secondary phase (SrCeO 3 ) in samples containing with fraction of Sr 2+ ions ²9 mol %. The solubility limit of Sr 2+ ions in ceria lattice was between 6 and 9 mol % at 850°C. The solid solution of 6 mol % Sr 2+ was stable even at temperature as high as 1550°C.
Introduction
Cerium dioxide (CeO 2 ), known as ceria, is technologically important ceramic material. It is frequently used as electrolyte for solid oxide fuel cells, catalyst, oxygen sensor and polishing materials to name a few. 1)5) Furthermore, ceria is very important as a model material for studying plutonia properties. Ceria and plutonia have quite similar physicochemical properties such as ionic size in octahedral and cubic coordination, melting point, standard enthalpy of formation and specific heat. 6)8) Therefore, the plutonium chemistry could be simulated using ceria instead of highly active PuO 2 . 9) It is worth noting that pure ceria does not undergo phase transformation during heating to high temperature. The room temperature structure, i.e. cubic fluorite structure stays stable up to melting point (³2470°C). 10) CeO 2 can also make a stable solid solution with many di-and trivalent ions, 11) which makes it suitable for transmutation host material (inert matrix). 12)14) However, the success of many promising technologies is entirely dependent on the development of powder synthesis techniques. 15) The great variety of methods for nanosized powder synthesis had been published in the literature. 16)19) The challenge for these new synthesis techniques is to preserve high powder activity while attaining the desired complex composition. The produced powders must be clean, nanosized, with precise stoichiometry and with homogeneously distributed dopant cations throughout the batch. The applied method should give reproducible powder properties, high yield and must be time and energy effective.
One of the most promising methods to produce a single phase and highly pure nanosized ceria powders with a precise stoichiometry is combustion glycine-nitrate process (GNP). 16 ),20)25) Most of them were synthesis of pure ceria, 20) gadoliniadoped, 21),23) samaria-doped ceria 22) or co-doping of them into ceria. 25) In this study, the GNP was used to obtain Sr-doped ceria, following our previous study. 25) Based on these reports, the GNP shows possibility to obtain solid solutions with homogeneous and precise chemistry, and very small particles in tens of nanometer range at very low temperatures. Furthermore, sinterability of obtained powders is superior. 21),23) According to the literature data Sr-doped ceria powders have not been obtained by this method so far. The effect of dopant concentration on stability of ceria solid solution was examined in order to consider the possibility of using ceria as a host material for storage of radioactive 90 Sr isotope. 26) 
Experimental
Starting chemicals used for the synthesis of powders were strontium nitrate Sr(NO 3 ) 3 , cerium nitrate hexahydrate [Ce(NO 3 ) 3 ·6H 2 O] and glycine (NH 2 CH 2 COOH) from Wako Chemical Industries, Ltd., Japan. The compositions of the starting reacting mixtures were calculated according to the nominal composition of the final reaction product. The following compositions with varying fraction of Sr substituting for Ce were prepared and the samples were coded as CSX, where X = 3, 6, 9, 12 and 15 mol %.
The applied method for synthesis of ceria solid solutions is glycine nitrate process (GNP). This procedure is based on the exothermicity of the redox reaction between the fuel (glycine) and oxidizer (nitrite). The taken portions of all starting compounds were put into a reactor made of stainless steel, following heat treatment on a hot plate. The burn up process of the reacting liquid mixture was terminated at about 450°C in several minutes. Actually, the procedure needs to be performed in three stages. The first one is dissolution of metal nitrites and glycine in water. The second stage is autoignition of solution at about 180°C which is followed by self sustaining cobmustion giving ash as a product. Finally, the third stage is calcination of ash to burn out organic components in air and obtain pure oxide powder. The reaction could be described as:
To determine the crystallite size and lattice parameter of powders both the as-prepared and annealed samples were characterized by X-ray diffraction (XRD) and FE-SEM. XRD patterns were collected using a Simens X-ray Diffractometer (Kristaloflex 500) with Ni-filtered Cu K¡ radiation ( = 0.1541 nm). The measurements were performed in the range 10 to 80°2 ª in a continuous scan mode with a step width of 0.02°and at a scan rate of 1°2ª/min. Before measurement the angular correction was done by quality Si standard. The obtained data were fitted using peak-fitting program. 27) The Lorentizian function gave the best fit to the experimental data. The avarage crystallite size of samples, d XRD , was estimated by applying fullwidth-at-half-maximum (FWHM) of characteristic peak (111) to the Scherrer's equation:
where ¡ was the incident wavelength (0.15406 nm) of X-ray, and ª was the diffraction angle for the (111) plane. The line broadening caused by instrumentation was corrected. Lattice parameters were refined from the fitted data using the least square procedure. Standard deviation was about 0.001%. Scanning electron microscopy (FE-SEM field-emission type, S-4800, Hitachi, Japan) was used for morphology image of obtained powders.
Results and discussions
It is well known that the solubility of different cations into ceria compound depends not only on their ionic radius but also on synthesis method. According to Shannon's compilation, 28) the ionic radii of Ce 4+ and Sr 2+ for coordination number 8, are 0.097 and 0.126 nm, respectively. Since Sr 2+ ion is bigger than Ce 4+ it is expected that solubility of Sr 2+ in ceria lattice is low. However, according to X-ray diffraction analysis of as-synthesized powders given in Fig. 1 , the obtained powders are single phase with fluorite crystal structure. Peaks related to isolated Sr-phases are not observed even in samples containing 15 mol % of the dopant. Relatively high solubility of Sr 2+ cation into CeO 2 matrix could be attributed to both GNP procedure and nanometric nature of the obtained powders. It is believed that the use of water solutions of nitrates as starting components for GNP provides intimate mixing of Ce and Sr cations, and the result of which is a large amount of Sr cations dissolved into the obtained CeO 2 powder. Moreover, the large amount of gasses created during combustion does not allow excessive growth of newly created nanocrystals of doped CeO 2 . It is well known that nanostructured materials are structures far away from thermodynamic equilibrium. This means that they may contain larger number of defects such as Sr 2+ substitution for Ce 4+ and therefore accommodate larger amount of Sr 2+ cations than micron-sized powders. Since nanopowders have short transportation pathways, fast diffusion during calcination often leads to stabilization of powders which in this case causes a decrease in Sr 2+ solubility. This phenomenon will be discussed later.
The XRD analysis reveals that all peaks for each sample are slightly broadened indicating small crystallite size and/or strain. These XRD patterns were also used to calculate unit cell parameter (a o ). As presented in Fig. 2 , the unit cell parameter linearly increases with the Sr 2+ content, which obeys Vegard's law. Clearly, the incorporation of bigger sized Sr 2+ ions expands the cubic ceria lattice. The calculation based on XRD data shows that the crystallite size of ceria in the as-synthesized powders is below 15 nm for all powders, as the same range of reported crystallite size of 1025 nm. 20),23),24) Figure 3 shows XRD patterns of samples with different dopant concentration calcinated at 850°C for 4 h. It can be seen that the peaks are sharper than those recorded for ashes ( Fig. 1) indicating the increase in crystallite size after the calcinations. As Fig. 3 evidences the composition with 6 mol % of Sr 2+ is single phase ceria solid solution. It is important to note that new crystalline phase (SrCeO 3 ) is detected in samples containing more than 9 mol % of the dopant. This indicates that the solid solutions with a large amount of the dopant (²9 mol %) are not stable at investigated temperature. Despite the presence of secondary phase (SrCeO 3 ) the certain amount of strontium is still dissolved in the ceria lattice. This finding is supported by the fact that the ceria peaks are shifted toward lower angles, which indicates the deformation of lattice due to the incorporation of Sr 2+ ions. Peak shift with increasing dopant concentration is clearly visible for reflections 331 and 420 ( Fig. 3 ).
As expected, the peak shift is accompanied by the change in lattice parameter. The lattice parameter of doped ceria as a function of Sr 2+ content for samples calcinated at 600 and 850°C is presented in Fig. 4 . While the lattice parameter of samples calcinated at 600°C obeys Vegard's law, the lattice parameter of samples calcinated at 850°C slightly deviates from linear dependence beyond 9 mol %. This deviation might be attributed to the change of nominal composition due to the segregation of the secondary phase, SrCeO 3 , at increased temperature. Further support to this conclusion was found in the fact that the lattice parameter of samples calcinated at 600°C is almost the same like that of as-synthesized powders (Fig. 2) whereas the lattice parameter of samples calcinated at 850°C is smaller than that of samples calcinated at 600°C for all Sr 2+ concentrations except for undoped CeO 2 (Fig. 4 ). It appears that the increase in calcination temperature promotes rearrangement of structure which results in a decrease in solubility of Sr 2+ cations in CeO 2 lattice and therefore segregation of SrCeO 3 secondary phase. Now, it would be of interest to calcinate the sample containing 6 mol % Sr 2+ at higher temperature in order to examine the stability of solid solution. Figure 5 shows XRD pattern of sample containing 6 mol % Sr 2+ calcinated at 1550°C for 4 h in air. As can be seen, ceria has fluorite structure even at temperature as high as 1550°C. Since the secondary phase is not observed, it can be concluded that the solubility limit of Sr 2+ in ceria lattice is more than 6 and less than 9 mol %. The obtained solid solution is stable at high temperature. It is consistent with the report of Yahiro et al, 29) which indicated that the solubility limit of Sr into ceria was about 8 mol %. In the case of Gd-doped ceria, wide range of solid solubility up to 40% GdO 1/2 was mentioned, 30) but precise examination showed the stable limit of solid solubility maybe around 20% after sintering at 1550°C, whereas the lattice constant was still increased up to 25%. 31) 20 mol % Sm substitution for Ce was stable after heat-treatment at 1500°C. 24) Relatively small solid solution limit for Sr-dopant can be attributed for the much larger ionic radius of Sr 2+ (0.126 nm), compared with those of Gd 3+ (0.105 nm) or Sm 3+ (0.108 nm). 28) The microstructures of as-synthesized powder containing 6 mol % Sr 2+ as well as microstructures of the powder calcinated at different temperature for 4 h in air are presented in Fig. 6 . The highly porous morphology of as-synthesized powder (ash) [ Fig. 6(a) ] is the result of large amount of gases created during the combustion, as is the same feature of previous studies. 20) 25) It can be seen that the ash is open structure consisting of nearly spherical clusters made of clearly visible primary particles. As Fig. 6(b) shows calcination at 600°C destroys skeleton and makes agglomerates of primary particles with less open structure. Furthermore, it is evident from Fig. 6 (c) that calcination at 850°C promotes the growth of primary particles and closes the small pores. It seems that very small particle size and therefore high specific surface of ash provides driving force for sintering sufficiently high to initiate sintering at relatively low temperature of 850°C. When calcination temperature is increased to 1550°C the clusters are almost completely sintered. Figure 6(d) shows few small pieces of material attached to fairly smooth surface of much bigger chunk. It is believed that fine powder of doped ceria obtained in this study can be easily sintered at temperature lower than that required for sintering of commercially available powders.
Conclusion
Sr-doped ceria solid solutions (Ce 1¹x Sr x O 2¹¤ ) with "x" ranging from 0 to 0.15 were prepared by glycine-nitrate procedure. It was found that the particle size lies in the nanometric range (<15 nm). Phase identified by XRD was single fluorite and the variation of lattice parameter of the as-synthesized powders (ashes) with increasing Sr 2+ content obeyed the Vegard's law for fullexamined compositional range. The calcination of the asprepared powders at 850°C caused the formation of a secondary phase (SrCeO 3 ) in samples containing ²9 mol % Sr 2+ . The solubility limit of Sr 2+ ions in the ceria lattice was between 6 and 9 mol % at 850°C. The stability of 6 mol % solid solution at high temperature was confirmed by heat treatment at 1550°C for 4 h. 
